A series of 11 fluoroqulnolone antibacterial agents, including 8 newly synthesized molecules and 3 reference compounds (pefloxacin, ciprofloxacin, and sparfioxacin), were The MIC of a quinolone against a particular organism is determined by at least two factors: its rate of penetration across the bacterial cell envelope (31, 34) and its inhibitory activity against the supercoiling reaction catalyzed by its target, the enzyme DNA gyrase (15). Although both of these activities should be at their optimum to ensure the maxmal antibacterial potency of a compound, it is evident that the second of these properties is the more important, since a qumolone devoid of activity against DNA gyrase is not active against a bacterium, despite sufficient drug accumulation. Moreover, it has been documented that most highlevel quinolone resistance arises from gyrase modifications (13, 30, 35, 38, 44) . Conversely, poor penetration into bacteria may impair the effectiveness of a quinolone that is highly active against gyrase. This could explain the lack of a clear correlation between antibacterial activity and inhibition of isolated DNA gyrase observed for some quinolones (2, 15). Several studies dealing with the structure-activity relationships of fluoroquinolones have been published (3, 10-12, 15, 16, 18, 24, 36), and the investigators sometimes attempted to identify separately those factors that are necessary for gyrase inhibition from those that are needed for penetration into the cell. With regard to penetration into the bacterial cell, physical properties such as relative hydrophobicity (23, 28) or charge or molecular weight (7, 8, 31) are important. As a general rule, bulky size, negative charge, and increasing hydrophobicity retard the penetration of antibacterial agents into gram-negative organisms through porn channels (9, 20, 21) , although hydrophobic molecules appear to use an alternative route, through lipopolysaccha-* Corresponding author. ride (8). For gram-positive organisms, the molecular weight of the antimicrobial agent has little influence on the agent's potency, and positively charged hydrophobic molecules have been shown to have a better rate of penetration (17, 19) .
0.64, n = 10). The correlation coefficients between MICs and MED forE. coi, which were 0.60, 0.64, and 0.74 (n = 11) for E. coil, P. aerugunosa, and S. awwus, respectively, rose to 0.85, 0.74, and 0.74 (n = 11) for the same microorganisms, respectively, when the accumulatin of the drug by the cell was taken into account. It WAs concluded that the inhibitory activity against DNA gyrase remains the most important parameter for quinolone potency, but that intracellular accumulation must be tahken into account, since, for a given organism, both parameters are under the control of the physicochemical properties of the qulnolones.
The MIC of a quinolone against a particular organism is determined by at least two factors: its rate of penetration across the bacterial cell envelope (31, 34) and its inhibitory activity against the supercoiling reaction catalyzed by its target, the enzyme DNA gyrase (15) . Although both of these activities should be at their optimum to ensure the maxmal antibacterial potency of a compound, it is evident that the second of these properties is the more important, since a qumolone devoid of activity against DNA gyrase is not active against a bacterium, despite sufficient drug accumulation. Moreover, it has been documented that most highlevel quinolone resistance arises from gyrase modifications (13, 30, 35, 38, 44) . Conversely, poor penetration into bacteria may impair the effectiveness of a quinolone that is highly active against gyrase. This could explain the lack of a clear correlation between antibacterial activity and inhibition of isolated DNA gyrase observed for some quinolones (2, 15) . Several studies dealing with the structure-activity relationships of fluoroquinolones have been published (3, 10-12, 15, 16, 18, 24, 36) , and the investigators sometimes attempted to identify separately those factors that are necessary for gyrase inhibition from those that are needed for penetration into the cell. With regard to penetration into the bacterial cell, physical properties such as relative hydrophobicity (23, 28) or charge or molecular weight (7, 8, 31) are important. As a general rule, bulky size, negative charge, and increasing hydrophobicity retard the penetration of antibacterial agents into gram-negative organisms through porn channels (9, 20, 21) , although hydrophobic molecules appear to use an alternative route, through lipopolysaccha-* Corresponding author.
ride (8) . For gram-positive organisms, the molecular weight of the antimicrobial agent has little influence on the agent's potency, and positively charged hydrophobic molecules have been shown to have a better rate of penetration (17, 19) .
The structural features necessary for enzyme inhibition appear to be different from those required for penetration, and analysis of these features is more complex (10, 24) . We was assayed at 37°C in PBS upon the addition of 10 ,g of the drug per ml. At 0, 5, 10, and 20 min, a 500-pl sample was placed onto the surface of 500 pl of ice-cold silicone oil (density, 1.043) in a 1.5-ml conical plastic tube, and the mixture was centrifuged for 2 min at 10,000 x g by using a 5415C Eppendorf centrifuge. The tubes were frozen and then cut in the middle of the oil layer and were inverted to eliminate excess oil from the pellet. The pellet was suspended in 1 ml of PBS, boiled for 7 min, and centrifuged at 10,000 x g for 5 min. The fluoroquinolone level in the supernatant was estimated by fluorimetry. For sparfloxacin, a 14C-labeled product (5 ,Ci/mg) was used, and the quinolone concentration was estimated by liquid scintillation counting. The results given in Table 1 In the case of E. coli, there was an inverse correlation between accumulation and hydrophobicity (r = 0.73), which was in good agreement with results of previous studies on quinolones (28) . It is now generaLy recognized that the less hydrophobic a compound, the better its diffusion (33) . Chapman and Georgopapadakou (8) Table 1 and Fig. 1 was accumulated to the highest degree by the two gramnegative organisms, with surprisingly high levels found in P.
aeruginosa. It is possible that the bridged piperazine ring in compound BMY 40062 modifies its basic properties and 1429 increases the role of the charge factor, which is not taken into account. The existence of a correlation coefficient of only 0.44 between accumulation and log D for P. aeruginosa when BMY 40062 is included is in agreement with the more complex mechanism of quinolone accumulation by this strain, with important roles for both outer membrane pro-0.5 1 1.5 teins and lipopolysaccharide (5, 7, 25, 27) . It is probable that hydrophobicity, size, and charge contribute to the accumulation of fluoroquinolones; the charge factor was not taken into account, since it is not easy to determine the percentage B of the possible different ionic states in equilibrium at physiological pH (41) . Comparison of Fig. 2B and C indicates that the accumulation of fluoroquinolones was less in P. aeruginosa than in E. coli. It is now well established that antibiotic 0 permeation is low through the porin pathway of P. aeruginosa (7, 32). It has been suggested that porin F, the principal porin of this organism, may be substantially smaller than 29 457 those of other gram-negative bacteria (22, 43) , with a cutoff of 340 Da compared with a cutoff 650 Da for E. coli (6) . 40397 Ashby et al. (1) did not find a relationship between molecular size and potency against P. aeruginosa for a series of quinolones with molecular weights of between 233 and 361. They concluded that the appropriate factor to be taken into 0.5 1 1.5 account is not the molecular weight but rather the threedimensional shape of the molecule. Other investigators (32) suggested that the lack of permeability of P. aeruginosa might be due to the low number of open porins. There was no direct relationship between antibacterial C activity and accumulation with the three microorganisms tested (r = 0.38, 0.37, and 0.24 for S. aureus, E. coli, and P. aeruginosa, respectively; data not shown). This suggests that other factors must be taken into account. For E. coli, the comparison of MICs and MED for gyrase showed a positive correlation (n = 11, r = 0. MEDs (10 and 0.6 ug/nml, respectively), whereas they have (C). The values are from low MICs (0.22 and 0.03 pg/ml, respectively), which can be by least-squares analysis explained by their good accumulation by E. coli (104 and 120 gram. peflo, pefloxacin; ng/109 bacteria, respectively). These results are in good Numbers indicate BMY agreement with the conclusions of others (5, 11, 14) and indicate that the major factor in determining the potency of a quinolone is its activity against DNA gyrase, although other targets, such as interference with membrane or cell division, could be considered (42) . If we correct the MED by bicity and antagonism taking into account the extent of drug accumulation and look e of 5 mM MgCl2 for a at the correlation between MICs and MED and accumulacoli CS1293 (OmpFtion, the correlation coefficient rises to 0.85 (Fig. 3B) rected MEDs, these coefficients were unchanged for S. aureus and rose to 0.74 for P. aeruginosa (Fig. 3 Compounds BMY 40062 and BMY 40397 differ with respect to molecular weight (336 and 574, respectively) and hydrophobicity; the bis analog does not share a basic nitrogen atom and, consequently, is considerably less charged at physiological pH. The bis compound was only twofold less active against DNA gyrase than the parent BMY 40062 was, but it was poorly active against E. coli because of a further threefold loss in accumulation (40 compared with 120 ng/109 bacteria); increases in both hydrophobicity and size perhaps explain this phenomenon. In the case of S. aureus, there was a 1.5-fold increase in accumulation between the two compounds, with a corresponding improvement in activity (Table 1).
The combined data for the series of quinolones examined in the present study strongly suggest that both activity against DNA gyrase and degree of accumulation are important factors governing the antibacterial activities of fluoroquinolones, with the activity against gyrase being the major contributing factor. With regard to intracellular accumulation, hydrophobicity appears to be a major feature for both gram-negative and gram-positive organisms. High molecular weight is a limiting factor only in gram-negative organisms, and it is dramatically so in P. aeruginosa. Consideration of both factors leads to useful correlations between the MIC and the MED for DNA gyrase when corrected for accumulation in E. coli, S. aureus, and P. aeruginosa. This could indicate that the DNA gyrases from the three assayed organisms have parallel affinities for these fluoroquinolones.
Additional experiments are in progress to further explain the conclusions of the present study. 
